Although mast cells have been recognized to induce allergic symptoms, mast cells are now widely accepted to be multifunctional effector cells of the immune system. In rats, mast cells mainly consist of the connective tissue mast cells and the mucosal mast cells; the connective tissue mast cells express rat mast cell protease-1 (rMCP-1) translated from Mcpt1 mRNA, and the mucosal mast cells express mast cell protease-2 (rMCP-2) translated from Mcpt2 mRNA (1) . These proteases are known to have chymase activity (1) .
In the liver, mast cells were suggested to contribute to fibrosis (2, 3) ; mast cells secrete transforming growth factor-b, tumor necrosis factor-a, vascular-endothelial growth factor, and histamine, which directly or secondarily enhance fibrosis in the liver (4) . Furthermore, a recent report showed that the administration of chymase inhibitor suppressed the steatosis induced by methionine and choline deficiency, suggesting the contribution of mast cells to steatosis (5) .
Magnesium (Mg) deficiency was reported to increase triglyceride concentration in the liver of rats given an AIN93G-based diet (6) or a high-sucrose diet (7) . Mg deficiency was also reported to exacerbate the collagen deposition induced by carbon-tetrachloride treatment in the liver (8) . Therefore, Mg deficiency is a stimulative factor of hepatic fibrosis and steatosis possibly via its effect on mast cells. Mg deficiency increases mast cells in the duodenum (9, 10) , the kidney (10), and bone marrow (11) , but the effect of Mg deficiency on mast cells in the liver has not been reported.
In the present study, we examined the effect of Mg deficiency on the emergence of mast cells, and the expression of makers of the connective tissue mast cells, Mcpt1 mRNA, and the mucosal mast cells, Mcpt2 mRNA, in the rat liver.
Materials and Methods
Animals and diets. Twelve male-specific pathogenfree Sprague-Dawley rats aged 4 wk were purchased from Japan SLC, Inc. (Shizuoka, Japan) and cared for according to the Guide for the Care and Use of Laboratory Animals (Animal Care Committee, Kyoto University). The rats were individually housed in stainless steel cages in a temperature-, humidity-and light-controlled room (24˚C, 60%, and 12-h light/dark cycle, respectively). All rats were fed a control diet, the AIN-93G diet (12) , for a 5-d adaptation period. Then the animals were divided into two groups of 6 rats given the control diet or a low-Mg diet, an AIN-93G-based diet with Mg-free AIN-93G mineral premix. The dietary Mg concentration was 499 mg/kg and 44 mg/kg in the control diet and the low-Mg diet, respectively.
The control rats were pair-fed to match the feed intake of the rats given the low-Mg diet for 4 wk. The rats were allowed free access to demineralized water during the experiment.
Sample collection. Under isoflurane anesthesia, a blood sample was obtained from the abdominal aorta with a heparinized plastic syringe at the end of the
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Analyses. The plasma samples were wet-digested with trace element-grade HNO3 and H2O2 (Wako Pure Chemical Industries, Ltd.). Then, we determined Mg concentration in the plasma samples with an atomic absorption spectrophotometer (AA-6600F; Shimadzu, Kyoto, Japan).
Total RNA was extracted from the liver samples with TRIzol reagents (Life Technologies, Carlsbad, CA) according to the manufacturer's protocol. Absorbance at 260 nm was measured to quantify the RNA concentration, and the ratio of absorbance at 260 nm to that at 280 nm was simultaneously monitored to assess the purity of RNA. Quantitative RT-PCR was carried out using a SYBR premix Ex Taq II kit (TaKaRa, Otsu, Japan) in a Rotor-Gene 6000 (Corbett Research, Mortlake, Australia) (13, 14) . The gene transcripts of a-and b-chain high-affinity immunoglobulin E receptor (FceR1a, FceR1b), Mcpt1, Mcpt2, and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were amplified by complementary DNA-specific primers ( Table 1 ). The threshold cycle (Ct) value was determined, and the abundance of gene transcripts was calculated from the Ct value using Gapdh as the corrected gene transcript.
Histological observation. Fixed samples of liver tissue were embedded in paraffin. Sections were mounted on glass slides and stained with toluidine blue. Cells containing granules with metachromasy were identified as mast cells in the liver (15) .
Statistical analyses. Data are expressed as the mean6SE. Differences between the control group and the magnesium-deficient group were evaluated by Student's t test. Statistical significance was considered to be p,0.05.
Results and Discussion
All rats given the low-Mg diet temporally showed skin lesions in the ears and the tail (data not shown), which is a typical sign of Mg deficiency in rats (14) . No skin lesion was observed in the control group throughout the experiment. Plasma Mg concentration was 18.260.9 mg/L in the control rats and 7.760.3 mg/L in the rats given the low-Mg diet; thus the low-Mg diet significantly decreased plasma Mg concentration (p,0.01). These results indicate that the low-Mg diet induced Mg deficiency.
Mast cells and basophils express FceR1 in rodents (16) . The mRNA level of FceR1a was increased by Mg deficiency in the liver (p,0.01) (Fig. 1) . The mRNA level of In toluidine blue-stained sections, some cells containing granules with metachromasy were locally observed around portal triads in the Mg-deficient group but these cells were scarcely found in the control group (Fig. 2) . These results indicate that Mg deficiency induces the emergence of mast cells around portal triads of the rat liver.
In rats there are different main subsets of mast cells: the connective tissue mast cells expressing rMCP-1 translated from Mcpt1 mRNA, and the mucosal mast cells expressing rMCP-2 translated from Mcpt2 mRNA (1). These proteases are known to have chymase activity in rats (1). Chan et al. (18) reported that mast cells were Table 1 . Sequence of the PCR primers for amplification.
Genes
Forward primer Reverse primer GenBank accession number Mast cells are suggested to be implicated in the pathogenesis of hepatic fibrosis (2, 3) . Mg deficiency itself does not affect collagen concentration in the liver but exacerbates the collagen deposition induced by a treatment with carbon-tetrachloride (8) . It is likely that the emergence of mast cells does not solely induce hepatic fibrosis in the Mg-deficient rats. Liver fibrosis is a woundhealing response to chronic injury, which is characterized by excessive deposition of collagen. Thus, Mg deficiency possibly exacerbates the collagen deposition through inducing the emergence of mast cells when the liver is damaged.
Histological observation indicated that enlarged vacuoles, probably consisting of fat, were located close to the portal triad of the Mg-deficient rats but such vacuoles were not observed in the control rats (Fig. 2) . These results are partly consistent with previous reports indicating that Mg deficiency increased triglyceride concentration in the liver (6, 7) . A recent report indicated that a methionine-and choline-deficient diet increased mast cells, lipid accumulation, and chymase activity in the liver of hamsters, while the treatment with a chymase inhibitor dramatically attenuated the lipid accumulation; thus the inhibition of mast-cell activity attenuates hepatic steatosis induced by the methionine-and choline-deficient diet (5) . Hamster chymase efficiently converts angiotensin I to angiotensin II, which has been hypothesized to induce hepatic steatosis (5) . Rat chymase, rMCP-1, also activates angiotensin II production (19) ; Mg deficiency increases chymase expression at the transcription level by mast cells in the rat liver, which possibly increases triglyceride accumulation.
The present experiment indicated that Mg deficiency increased the number of mast cells and the mRNA expression of chymases in the liver. Further study is necessary for clarifying the involvement of hepatic mast cells and chymase in the effect of Mg deficiency on the liver, i.e., the increase in lipid accumulation and the exacerbation of collagen deposition.
